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Question of Parity Conservation in Weak Interactions™

T. D. LEE, Columbia University, New York, New York
AND
C. N. Yane,} Brookhaven National Laboratory, Uplon, New York
(Received June 22, 1956)

The question of parity conservation in 8 decays and in hyperon and meson decays is examined. Possible
experiments are suggested which might test parity conservation in these interactions.

If parity is not conserved in 8 decay, the most general
form of Hamiltonian can be written as

Hin= (\bpf'ytl\bn) (CS\beT'Yﬂbp'i_ CS,¢J'Y4'Y Blbv)

One way out of the difficulty is to assume that ’
parity is not strictly conserved, so that 6+ and 7+ are +E¢PT";47”¢“) (CV"U"":W"”—FCV Yelvovivsgs)
two different decay modes of the same particle, which +§(”fp Yaonn) (Crbelyaondy
necessarily has a single mass value and a single lifetime. +Cr'¥etvaoneyss)+ (Wolyavivsys)

X ('— CA¢GT'Y4‘Y.U’YS¢P— Ca ,'xbeT'Y‘fY.u‘/’V)

+ (¢PT7475¢73) (CP\beT‘Y‘l'Yﬁ‘lbv_;"CP’\beT'}’Aﬂbr); (A- 1)

where oy,=—3i(vav.—vuyr) and ys=vryzysys. The
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Possible Tests of Time Reversal Invariance in Beta Decay

J. D. Jackson,* S. B. TrREmAN, aAnD H. W. WvyLD, Jr.
Palmer Physical Laboratory, Princeton University, Princeton, New Jersey

(Received January 28, 1957)

lines have now been carried out. Wu, Ambler, Hayward,
Hoppes, and Hudson* in fact find a large asymmetry
effect in the beta decay of Co®. In addition to this,

measured. There are four vector quantities which con-
ceivably could be measured in a beta-decay experiment :
(J), the polarization of the decaying nucleus; e, the
polarization direction of the electron; p., the electron
momentum ; and p,, the neutrino momentum. Since all
four of these vectors change sign under time reversal,
the scalar triple product of any three of them gives a
term invariant under rotations but noninvariant under
time reversal. Hence the detection of such a term in a
beta-decay experiment would indicate noninvariance
under time reversal.®
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II. RECOIL EXPERIMENTS WITH ORIENTED NUCLEI III. ELECTRON POLARIZATION IN RECOIL

EXPERIMENT
()] E 0 20,0)dEdQ,4Q,

1 (0] Eofe,0)dE 4240,

pe'pp m
=——p E(E"— E)dE Q.40 1+a—+b— 1
(2mr)® E.E, E, =a-—)—5p,E,(E°—Ee)2dEedQGdQ,
C(1peps (Do) (00D THD=3(T )2 "
+cl - — J x‘g{1+ape.p'+bm+ [Gpe_i_pr
— 3 —to-|G—+H—
3 E,E, <E;E, J(2J—1) E.E, E, E, E
J Pe DP»  PXPs
+——-[A——+B—+D ] } (2) g (p""’”)H;"“Xp”][. ®)
J E, E, E.E, E.+m\E.E, E.E,

IV. ELECTRON POLARIZATION IN DECAY OF
ORIENTED NUCLEI

w(1),0| Ee2)dE 4Q.

1
(2 )4P9E3(E0‘“‘ Ee)2dEnge
U

xs{ 1+b§;+ (A<—j—>+(;.,) L [ Nﬁj}

[
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II. RECOIL EXPERIMENTS WITH ORIENTED NUCLEI III. ELECTRON POLARIZATION IN RECOIL

EXPERIMENT
()] E 0 20,0)dEdQ,4Q,

1 (0] Eofe,0)dE 4240,

pe'pp m
= pE(F— E)dE d2.40,£] 1+ 0+ b— )
(2mr)® E.E, E, =a-—)—5p,E,(E°—Ee)2dEedQGdQ,
C(1peps (Do) (00D THD=3(T )2 "
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— 3 —to-|G—+H—
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IV. ELECTRON POLARIZATION IN DECAY OF
ORIENTED NUCLEI
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Form of the Weak Interaction
Scalar Hiw= @) (Cs¥dt+CsVeysys)
Vector + v iln) (Codbey b +Cv'Vevayss)
Tensor +3(Wporin) (Cr¥eordly+Cr'Verriyss)
Axial Vector — (Woviy¥n) (Calleviys+Ca'Vev )

Pseudoscalar

+ (\;p')’ﬁ\(’n) (CP\E875\{’P+ CP,\Ee‘z’v)

+Hermitian conjugate

How to pare this down?

In beta decay, pseudoscalar interaction is

negligible

Fermi: S,V  Gamow-Teller: T, A
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Fig 5.2 Recoil momentum spectrum for the decay *He — Lie™¥,, O

) - together with the predictions for pure A and pure T couplings.
Note that all of the couplings give a similar form for ||, namely

3 -~
|#|* = 4K.EE4(1 + a; cos 6), (5.12) ,/ \
]
with K; = |(r)]2(|Ci|* + |Cj*), where r =1 or o as appropriate, and with ,’ :
’
ag=—1, ay=1, a’]‘=%a ap = —%s (5.13) %3 / '.
@a '
z ’ |
g |
E |
s |
. "= |
The coefficient a in (5.13) and (5.20) is also sensitive to the type of g |
coupling. Experimentally, the values found are consistent with V and A S .
couplings only. For example, Allen et al. (1959) measure a = 0.97 £ 0.14 for
35Ar — 33Cle*v, (pure F), whereas, for the pure GT decay ®He — °Lie 7., S
Johnson et al. (1963) give a = —0.3343 4+ 0.0030. Note that for pure F or
)
| '

(1) Renton, P. 1990. Electroweak Interactions. Campbriddge University Press.
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Experimental Test of Parity Conservation
in Beta Decay*

C. S. Wu, Columbia University, New York, New YVork
AND

E. AMBLER, R. W. HavywaARrp, D. D. HorpEs, AND R. P. Hupson,
National Bureau of Standards, Washington, D. C.

(Received January 15, 1957)

4 cos 36 - —sinid
@ ’ e Xéﬂ - (Sin%zg) , Xg = ( cos %20 )
along the axis. The results showed that the electrons 7@ — | 0N = o 26 = L1 4 cost)
were emitted preferentially in the direction opposite O =[S = o 38 =50 + o
to that of nuclear spin and therefore conclusively ; two

> 1

proved that the beta decay of Co® behaves like a 0 x
lefthanded screw or possesses a negative helicity. So

Fig.1.8. The angular distri-
bution of the electrons in the
8Co decay

|
x
2

) -

(2) Wu, C.S. 1959. Parity Experiments in Beta Decays. Reviews of Modern Physics. 31(3): 783-790.
(3) Greiner W, Miller B. 1996. Gauge Theory of Weak Interactions. Second Edition. Springer.
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Helicity of Neutrinos™®

Moreover, the asymmetry observed is as large as M. GOLDHABER, L. Gropzins, AND A. W. SUNYAR
possible. In the electron angular distribution 7(8) Brookhaven National Laboratory, Upton, New York
=14 A4(Jz)/J(v/c) cosf (where 8 is the angle between (Received December 11, 1957)
the nuclear spin and electron momentum direction),
the measured asymmetry parameter A is nearly equal COMBINED analysis of circular polarization and
to — 1. This implies that the parity interference effects resonant scattering of +y rays following orbital

electron capture measures the helicity of the neutrino.
We have carried out such a measurement with Eu!5?m
which decays by orbital electron capture. If we assume
the most plausible spin-parity assignment for this
isomer compatible with its decay scheme,! 0—, we find
that the neutrino is “left-handed,” ie., @, p,=—1
(negative helicity).

When the experimental value of the asymmetry
parameter (A=<—1) in Co® beta decay was made
known to Lee and Yang, they immediately realized
that here one had to consider an extremely simple and
appealing theory of the neutrino.? This theory requires

that the spin of a neutrino always be either parallel  Fig.1.10. Schematic repre- - detector |
. . .. tati f th i

or antiparallel to its momentum and the helicity of an 3¢ Goldnaber, Grodms. and -I: wvgrvv-&&%—ﬂ—*

antineutrino be opposite to that of a neutrino. Inci- ** ez
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V-A Form of the Weak Interaction o wewer

A/ 1 éf 0." "’

P:l: = 5 (1 - ’)’5) S 1“ O“A, —
V v YEP_ = 39 (1 —7s)

i~ ’ Fa ’ o~ "~ ’ T CTH'V 0 .

0. :P+ O!P A YHys —YHPL = =5 y* (1 = 5)

! o P s 0
If we neglect the factor 1/2, the only possible coupling is thus
YA = y5) = — H s (1.27)

It is obviously of V-A type (pronounced “V minus A”); one thus speaks of V-A

coupling.®
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UNITARY SYMMETRY AND LEPTONIC DECAYS

Nicola Cabibbo
CERN, Geneva, Switzerland

(Received 29 April 1963)

“quark mixing”. In the early 1960’s, it was observed
that, while purely leptonic muon decay proceeds with a

— . (0) ) ing(7i P+ a)
Ju coso(; m +g,u ) +sind(j i gp. )y strength given by Gﬁ, semileptonic neutron or nuclear

decays proceed only with 0.95xG., while
strangeness-changing decays of strange particles
4 d’ \ /[ 14 |4 14 N\ / d\ (like X,A,Z-baryons or K-mesons) proceed
) ub with 0.05xX G~ . Cabibbo then postulated that the down
%

quark state d' that participates in the weak interaction
cs sb is not the ordinary mass eigenstate d but has a small
admixture of strange quark state s, and the strange

’
\b ) \ I/r d I/ts V;b Y, \b ) quark has a small admixture of d, such that

d'=dcosf,. +ssinf., s =—dsinf.+scosf,.. The
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The Weak Interaction
g B : Down quark changes

to Up quark

Antineutrino and
electron produced

W Mediating particles Iin
beta decay include
W*and W-
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G K —K, y “
M@ufmn = TZ ud [p(}/y (1 T 2'75 ) T pzM G,uvq )n’]

AT

!

Xley,(A=75)v.].

/]'=gA/gV

~ [PERKEO 1]

-g0974 0+_)0+. /d,\ /Vua' I/m, Vub\ /d\
> ‘
0.972 | S’ = I/cd Vcs Vsb S
0.97 | \b ) \Vfd VIS V:‘b/\b/

. ] . b, (4) Dubbers D, Schmidt M. 2011. The neutron and its role in cosmology and particle physics. arXiv.
1.265 1.27 1.275 1.28 1.28%
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Neutron Lifetime

o -1 c (mc’)y 2 2
T = - G. |V |"(1+34
" 27[3 (h(?)?r 3 | ud| ( )f

After corrections for radiative effects and weak
magnetism, the lifetime becomes (Marciano and Sirlin,

2006)
 (4908.7%1.9) s

T
t L A+34)

b
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electron momentum — neutrino momentum

| 1-A°
Ao (1+a PPy 4o —(1+a%cos6) d2, a = :
W, c 1+3A4

_— v As a measures the deviation of A°
n from 1, it 1s highly sensitive to the violation of axial
e vector  current  conservation (PCAC), with
d
p d,a/a=-2.8 at a=—-0.10 (for A=-1.27, where 9,

stands for d/0dA).

UNCLASSIFIED

National Nuciear

Operated by Los Alamos National Security, LLC for the U.S. Department of Energy's NNSA Slide 20



NATIONAL LABORATORY

- Los Alamos
A

neutron spin — electron momentum

d°T o (14 A(5 - ‘;‘;e) dQ = (1+ 4P e cos6) dQ.

e

U " e 22(/1+1)
n 14+34°

d,A/ A=-3.2 at A=—0.12
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neutron spin — neutrino momentum

d’T o< (1+ B(o ) - C;;' ) dQ_ = (1+ BP. cos8) dQ,

B g, MAD)
U\/,v 1+34°
n

— With 0,B/B=0.077 at B=1.0, the parameter B
@ is about 40 times less sensitive to variations of A than

are the parameters 4 and a. This makes B valuable for
searches of decay amplitudes beyond the SM, as we
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neutron spin — proton momentum

W(€@)=1+2CP cos@

Xc
n 14+34°

c(U W C= aide =—x.(A+ B)

P
P \ 0,C/C=0.52 at C=0.24
e
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(0] o2, 2,)AE 4242,

G: electron spin — 1
electron momentum o TS

1 Pe P> m Pe P
—_ In SM, — _1 X'g‘f 1+aEeEv+bE:+G[G£+HE
. Pe Pe P» P XDp»
H: electron spin — () ]

neutrino momentum - «@welE.2)iEqa.

1
=———p B (£~ E,)*dE dQ,

N: electron spin — (27
neutron spin e o+ (42460 ) 2ot [
m m
— € —__ ¢ p. (/I pe & pe
H 74 a,and N 14 4 +QEe+m(7'E)+R7XE]}' ©
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D=0, -(p, X P, L=0. (P, XP,)
R=o0,-(0,Xp) V=0, (0, %Xp)
All triple products are T-violating
L and R potential BSM searches

D immeasurably small, V proportional to D
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K=(o -pJ)P, P, Q=(o, - p)o. -p)
S=(0,-0)p,. P, T=(o -p)oO "PpP,)
U=(o, -p)Oo, P,

However, in the SM,
K=-A Q=-A
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* Fierz term shifts the neutron beta spectrum

| 4 pime
P, = Payp =
oo ()
200 ]

9 12 - Y(Ee)
V(E) = —— |
L+ bm,/E,

00 0.2 04 0.6 0.8

KE(MeV)
Image by Kevin Hickerson. 2009. UCN Workshop. Santa Fe, NM. Where Y E {A’ B’ a? ® & @ }
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II. RECOIL EXPERIMENTS WITH ORIENTED NUCLEI III. ELECTRON POLARIZATION IN RECOIL
EXPERIMENT
w((]) [ Ee,Qg,Qp)dEengde

1 (0| Eo20,2,)AE 4049,
= p E(E'— EVdE 2.4, 1 +a— )
(2mr)® E.E =a——)—5p,E,(E°—Ee)2dEedQGdQ,
. [1pe-pv (pe-i)(pu-i)][J(J+1)—3((J-J J 8
cl — —_ * Pe D»
3EE,  E.F, J(27—1) X‘%E{”“ [GE i
<J> Pe Py P XD,
+——-[A——+B—+D ] } (2) K— (p"'p”)+LpeXp"]l. 3)
J E, E, E.E, E4+m\E.E, E.E,

IV. ELECTRON POLARIZATION IN DECAY OF
ORIENTED NUCLEI

w(1),0| Ee2)dE 4Q.

1
@ )4P9E3(E°—-Ee)2dEedQ,
™ -

eGPl o
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BSM Searches: b and b_ * Los Alamos

PHYSICAL REVIEW D 85, 054512 (2012)
Probing novel scalar and tensor interactions from (ultra)cold neutrons to the LHC

4

Tanmoy Bhattacharya,' Vincenzo Cirigliano,' Saul D. Cohen,™ Alberto Filipuzzi,” Martin Gonzilez-Alonso,
Michael L. Graesser,' Rajan Gupta,' and Huey-Wen Lin’

"Theoretical Division, Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA
2Center for Computational Science, Boston University, Boston, Massachusetts 02123, USA
3Departamem de Fisica Teorica, IFIC, Universitat de Valencia-CSIC Apt. Correus 22085, E-46071 Valencia, Spain
4Department of Physics, University of Wisconsin-Madison, 1150 University Avenue, Madison, Wisconsin, 53706, USA
5Depazrtmem‘ of Physics, University of Washington, Seattle, Washington 98195, USA
(Received 18 November 2011; published 30 March 2012)

€. — effective scalar coupling
€, — effective tensor coupling
€, — effective pseudoscalar coupling
€, ,€, — additional left and right handed
coupling constants
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L, N m, -
MN Ee

D(Eer Pe P G-n) =1+ Co + C1

+ &(Ee)pe 'pv ‘|‘A(E€)Crn 'pe
e 4 €
+B(E)TPr

b bSM + bBSM B(E )_BLO(/\) 4 _|_ - (bSM + bBSM)

e
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2
2 BSM _ :
bSM _ m, 1+ ZﬂvA + A b = m[§5€s - l2AgT€T:|
My 1 +3A2
~ (.34ggeq — 5.22g7€7,
2
PBM = = TocecA — dgrer(1 + 21)]
bSM B m, (1 + A)(MV + /\) v 1 + 3/\2 8s€s 8T€r
g MN 1+ 3/\2 = 0.44g563 — 4.85gT€T.
0.02 ' 0.015F ' '
by < 1073 bl <1073 A
s -
/// f’ \\
ool /// 0.010} ,v i
s p I
g I
7 0.005 '/‘m“":“~~ .
& 000 @ ”{—_ - :
g - 0.000 : // ) \
/// : : L/I/ 7 ;
- RO W T ,/
-0.01 S \ S
/ 000l o _TLHG ]
> 00 e Js = 14TeV
> L = 10,300 fb-
_002 s . . . ~0.010, , , g
~0.0010  —0.0005 0.0000 0.0005 0.0010 -0.002 ~0.001 0.000 0.001 0.002
ET er

(5) Aprahamian A. et al. White Paper on Fundamental Symmetries. 2015.

UNCLASSIFIED

Slide 31

Operated by Los Alamos National Security, LLC for the U.S. Department of Energy's NNSA




UCN at LANSCE < LosAlamos

E5T.1943

UNCLASSIFIED

Operated by Los Alamos National Security, LLC for the U.S. Department of Energy's NNSA



» Los Alamos

H isto of T NATIONAL LABORATORY
ry EST.1943

900

— - PDG evaluation
895 | Cold neutron beam

890; | | {T o @
! a N

870 | | UCN Bottle

00
00
Ul
1
H—H]
——
[

Lifetime(s)
(0]
S

co

~l

(9]
!

865

860 +H—————————
1985 1990 1995 2000 2005 2010 2015

Year
Most precise Beam: 7,,=887.1+2.2s
Most precise Bottle: 7,,=878.5 £ 0.8 s

UNCLASSIFIED W

Operated by Los Alamos National Security, LLC for the U.S. Department of Energy's NNSA Slide 33




UCNT

UVT Acrylic plate
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-

\] IQ

108/Zns(Ag)
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distance from array surface [cm)]

-10 -5

s Los Alamos
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Magnetic Field Direction

[ LR T F N TN R L L R E R T

B AL R PO R L P L AL L L AL T,
P AL R R R s AL LR R P AL EEEE L PP L L LR R R L L Loy
”ﬂ_..n\\blllJ(vn_.“*"Mw\\l!NJ.‘..,_““"'M\\\ lNll.'M“"”M\\\NJJJavM

y XN & ““’“"‘N\\W #“"'""““ 4 ”"""’Mﬁ pppmet ] b ’”""‘W&W “_..-.\\\'t + ELLN
o | A N\ oo\ M oA | A

o
distance along array [cm]
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UCNT

 Goal of 1 second

precision after new i
source commissioning Ne
* Primary efforts towards -
removing residual gas CF.
. C4Hqo
and resolving UCN s
spectral variation He
ATn Tn \ ATloss\ ATn
Tn Tiose Tlossj Tloss 7 7’-n (T/OS)

UNCLASSIFIED

Operated by Los Alamos National Security, LLC for the U.S. Department of Energy's NNSA

- Los Alamos

NATIONAL LABORATORY

National Nuclear Security Administration



NATIONAL LABORATORY
EST.1943

SR L L
-30kV 4,
+
+

» Los Alamos
Nab

) = D - ' +++ ++ |
il - - ++
| TOF region  @w | R . §
(low field) g ‘ N T
4 m flight path skipped | S | I
magnetic filter o | L
Ve region (field L
/| maximum) 'L; + E. =300 keV
decay volume gj : E. i 388 lﬁg¥ -
- ) S— 0 kV - =
‘beam Tl m ) 0 0.002 0.004  0.006
I m flight path skipped 1/¢7 [1/ps’]

I == o

UNCLASSIFIED

Operated by Los Alamos National Security, LLC for the U.S. Department of Energy's NNSA



+ Los Alamos

Nab NATIONAL LABORATORY

E5T.1943

Contributions from the Neutron Team

ﬁr ! E

—

UNCLASSIFIED

Operated by Los Alamos National Security, LLC for the U.S. Department of Energy's NNSA



» Los Alamos

Nab NATIONAL LABORATORY

E5T.1943

Contributions from the Neutron Team
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2010 2011-2012 2012-2013
Correction = Uncertainty | Correction  Uncertainty | Correction = Uncertainty
(%o) (%o) (“0) (“0) (%) (%)
Polarization +0.67 +0.56 - +0.2? - +0.2?
. +0.13* +0.45* +0.5 +0.13 -0.48 +0.12
Experimental
Energy Recon. +0.31 +0.32 +0.32
-1.81 +0.06 -1.81 +0.06 -1.81 +0.06
Theory
A +0.19 +0.22 +0.22 +0.22
Rest
Statistics +0.46 +0.45 +0.49
TOTAL -0.83 +0.94 - +0.64 - +0.67
Combined Uncert. +0.57 %
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Preliminary 45Ca Spectra
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